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Abstract 
High profile refinery, pipeline and well incidents over the past several years may have impacted stakeholder 
to prevent and control accidents. This perception may be translated to 
current and future CO2 storage projects, as this relatively new application has a limited track record at scale. To better 
understand unexpected fluid migration and responses, the CO2 Capture Project Phase 3 (CCP3) has developed the 
2 The project was initiated by a CCP3-sponsored workshop that brought together 
industry, national laboratory and academic experts in wells, reservoir engineering and geosciences. The goal was to 
systematically assess CO2 and displaced fluid migration scenarios with current versus needed capabilities for 
detection, intervention and remediation of damages. Three focus areas were addressed in detail: wells, conformance 
and seals / fractures. It was concluded that groundwater and vadose zone remediation strategies would be deferred 
owing to decades of related experience and that a focus on intervention might obviate their need. The underlying 
assumption of the workshop was that even if CO2 storage projects employ state-of-the-art site characterization, risk 
assessment, and monitoring systems, unexpected migration may nevertheless occur, particularly during the early 
stages of gaining experience with large scale deployment. Specific mechanisms for unanticipated CO2 and brine 
migration were identified with both established and novel mitigation approaches for remedying them proposed. The 
group concurred on a general approach to qualifying scenarios with potential mitigations. A forward plan was 
outlined to document relevant industry experience with a roadmap of needed research and development (R&D), 
including modelling, simulation, bench-scale experiments and field trial design through deployment. The initial 
phases of the study are ongoing with concurrent concept development of the latter phases entailing identification, 
assessment and possible deployment of a field trial of detection and intervention approaches.             
______ 
 
* Corresponding author. Tel.: +1-832-854-3004. 
E-mail address: scott.imbus@chevron.com. 
 
Available online at www.sciencedirect.com
 Scott W. Imbus et al. /  Energy Procedia  37 ( 2013 )  7802 – 7814 7803
© 2013 The Authors. Published by Elsevier  Ltd.  
Selection and/or peer-review under responsibility of GHGT 
 
Keywords: Carbon dioxide storage; leakage; detection; intervention; contingency; modelling; monitoring; risk assessment; field trial 
1.  Background 
In the past decade, CO2 storage assessment workflows, guidelines, best practices and regulations have 
progressed considerably. These works stress the role of integrated site assessment, operations planning 
and surveillance strategy for safe and effective CO2 storage. Uncertainties remain, however, as to how 
injected CO2 behaviour and displaced brine migration in the subsurface might ultimately impact project 
success or HES (
risk registers but proposed mitigating actions are generally limited to modifying operating parameters, or 
in worst case scenarios, ceasing injection and focusing on remediation of damages. Literature on the 
limited at present, and is largely confined to well remediation. Basic management procedures for CO2 
storage project leakage that have been outlined, including stopping injection, notification of local officials 
and population, identification of leakage source (with remediation if well-based) and integrated leakage 
and accumulation study [1].  Four potential intervention approaches for leakage from a CO2 storage 
reservoir have been proposed: 1) reduction of reservoir pressure, 2) increasing pressure in the receiving 
reservoir, 3) interception and extraction of the CO2 plume and 4) plugging the leakage zone with low 
permeability materials [2]. 
Approaches to remediation of CO2 leakage in enclosed spaces at the surface (e.g., basements), surface 
water and especially groundwater has been modelled in several studies [3-7]. A number of studies have 
examined leakage scenarios through natural [8-9] and industrial [8,10] analogues and developed models 
to quantify CO2 leakage under certain circumstances such as well systems [11] and natural features such 
as faults [12-13].    
The oil and gas industry has four decades of experience in extracting, pipelining and injecting / 
producing CO2 for enhanced oil recovery (CO2 EOR), primarily in the United States but more recently in 
Canada and other countries. Occasional blowouts have occurred over the decades in natural CO2 
production wells and in CO2 EOR injection wells. Three CO2 EOR-related blowouts are documented in 
detail [14]. Although there was an immediate safety threat to rig personnel, the acute phase of these well 
blowouts was somewhat self-limiting (formation of dry ice) with effective well remediation ensuing. A 
number of experimental studies show widely ranging results of conventional cement vulnerability to 
degradation during CO2 exposure [15]. The few samples acquired from wells, however, indicate possible 
self-limiting / self-healing behaviour [16] or diminishing alteration away from the CO2-charged reservoir 
[17]. Apparently, CO2 EOR operators have been able to manage CO2-induced well alteration and leakage 
effectively over the past 40 years. A study at Scurry Area Canyon Reef Operators Committee (SACROC) 
Field in west Texas, the longest running commercial CO2 EOR operation, found no conclusive evidence 
of groundwater quality deterioration above the field in comparison to adjacent areas [18].                      
Industry experience with intervention in unanticipated migration with potential HES impacts is largely 
confined to well leakage remediation.  An exception is the case of a Permian Basin CO2 EOR project that 
experienced inter-well communication of CO2 via a fracture system [19].  Once the nature and suspected 
pathways of CO2 migration were assessed, injection of an undisclosed sealant succeeded in stopping the 
short-circuit through the fracture system connecting the wells.  Several approaches to remediate CO2 
leakage are relevant including use of Portland cements and additives designed to resist CO2 (profile 
control treatments, annular and out of zone squeezes and plug backs) and sealants (in situ cross linked 
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monomers and polymers, externally activated latex resin systems, internally or externally activated 
catalyzed silicates, a crystallized copolymer and rubber cement squeezes)[19] .  Novel approaches with 
potential for sealing a well, and possibly other conduit (fault / seal) leaks are under investigation.  These 
include biomineralization [20], co-injection of a solute that becomes insoluble upon encountering a lower 
pressure [21] and a variety of agents under development for CO2 EOR profile modification [22].  
Concepts for relevant nano- and meso-scale technology applications have been reported in press releases 
and proprietary presentations.   
Given the relatively few CO2 storage projects operating at scale and the limited lifespan of pilot and 
demonstration projects, case studies of unexpected CO2 or brine migration requiring detection and 
intervention are rare.  The Norwegian Barents Sea Snohvit project, operated by Statoil, experienced 
gradually rising reservoir pressure soon after injection started in 2008, which limited the injection rate 
and thus storage capacity [23]. A repeat 3D seismic survey in 2009 indicated that CO2 injection was 
largely limited to the lower portion of the perforated interval. The injection project successfully resumed 
once the well was recompleted into an overlying reservoir in May 2011. The In Salah project in central 
Algeria, started in 2004 and operated by BP, experienced CO2 migration into a suspended appraisal well 
in 2007 [24].  Leakage to the surface was minor and the well was readily remediated.  The pre-injection 
reservoir simulation models did not predict rapid CO2 migration from an injection well installed in 2005 
to the well which eventually leaked CO2.  Analysis of surveillance (particularly Interferometric Synthetic 
Aperture Radar, InSAR) and coupled reservoir and geomechanical modelling, indicates preferential CO2 
migration through existing higher permeability zones originating from faulting / fracturing.  
2. CO2 Contingencies Workshop (Phase 1) 
The CCP3 consortium, recognizing the need to improve stakeholder 
detect and intervene in unexpected CO2 migration, initiated the CO2 
2011.  A workshop involving experts in geosciences, engineering and monitoring aspects of CO2 storage 
was convened to define the problem, assess currently available solutions, develop a technology plan 
around identified gaps and identify field-test options for promising technologies.   
The fundamental assumption of the workshop was that storage projects can be designed to effectively 
contain CO2 and that surveillance systems are adequate to detect anomalous fluid migration. 
Nevertheless, given that complete understanding of the subsurface is not possible, unexpected 
containment breach and possible leakage could occur.  Leakage is defined as movement of any fluid, 
whether buoyantly flowing or dissolved CO2 or injection-related displaced brine, out of a defined 
containment system via and possibly into a protected receptor (potable 
groundwater or the near surface environment).  On a theoretical level, stopping or limiting fluid migration 
is a matter of immobilizing it by creating a permeability or pressure barrier or by removing the fluid. 
Practically, it is a matter of localizing and characterizing the feature and developing a strategy to access 
and intervene in fluid flow.  The participants opted to work on three general scenarios: Wells, 
Conformance and Faults / Seals (Table 1).  The co-leads of each scenario group were charged with 
monitoring techniques to localization), 
characterization (imaging or sampling) and intervention (access and treatment).   Each group reported out 
on consensus findings and essential issues to be addressed, including prevention, as well as needed R&D 
and field tests.  Remediation of fluid leakage into protected receptors was not included as focus area 
(deferred).     
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Table 1. Fluid (CO2, dissolved gases or displaced brine) leakage scenarios with detection and intervention approaches   
_________________________________________________________________________________________________________ 
Scenario        Detection      Response                 Remediation   Relative Cost  
                     Current          Novel       Need (HES)   (or Project Threat) 
_________________________________________________________________________________________________________ 
Well Barrier Loss  
 Accessible Well   Well P; Seismic?   Perforation Isolation   BGCO* Agents  Possible     V. Low 
 P&A Well      Aquifer / Air     Mill & Re-P&A     Intercept & Seal  Likely      Low-Medium 
 Unknown Well    Aquifer / Air     Locate, Mill & Re-P&A  Intercept & Seal  Likely      Medium 
 
Conformance  
 Thief Zone     Well P; Seismic?   Perforation Isolation   BGCO* Agents  None      Low-High 
 Compartments    Well P       New Wells       Stimulation    None      Low-Medium 
 Spill Zone      Well P; Seismic?   New Wells       Intercept & Seal  Possible     Medium-High 
Hydraulic Barrier 
Natural Barrier Breach 
 Top Seal Fracture  Well P; Seismic?   New Wells/ Shutdown?  Intercept & Seal  Possible     High-V. High 
                                Hydraulic Barrier         
 Top Seal Thinning    Well P; Seismic?  New wells or shutdown  Hydraulic Control Possible     Medium-High 
Intercept & Seal 
 Fault Reactivation   Seismicity      Shutdown?       Intercept & Seal  Likely      V.High-Extreme 
__________________________________________________________________________________________________________ 
* BGCO  Biological (e.g., biofilms), geochemical (mineralization), conventional (oil field sealants), Other (foams, nano-particles)     
2.1. Well Barrier Loss 
Despite industry  confidence in being able to identify and stop well leakage (e.g., by injecting large 
volumes of sealant until flow stops), there is a recognized need to understand likely flow pathways / 
volumes and their detection, selection / placement of appropriate sealants and confirmation that flow is 
stopped.  Understanding of well leakage vulnerability and flow paths / rates is analogous to that of CO2 
storage-related fault and fracture leakage.  Industry analogues for both are relevant (e.g., natural gas 
storage, CO2 well blowouts) and appropriate field tests might be designed and deployed. Possible forward 
paths include: 
 Review how current well design, completions and operating practices introduce vulnerability to CO2 
leakage and assess the cost-effectiveness of current technology in detecting, quantifying, characterizing 
and intervening in simple to complex leaks, particularly for plugged and abandoned (P&A) and 
unrecorded wells. 
 Develop scenarios for complex formation / well leakage (e.g., wells connected by fractures) and 
approaches to characterizing and intervening in such leaks.  
 Based on a selected scenario from the above, design and deploy an appropriate modeling project with an 
aim towards a field experiment to test existing and new technology.              
2.2. Conformance 
Conformance refers to migration of injected or displaced fluids within the storage reservoir that may 
result in poor storage efficiency (reduction of capacity), increased footprint (operational and monitoring 
complications) or fluid delivery to vulnerable features (spill points, poor seal characteristics or critically 
-
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operator and regulator expectations and be managed effectively but there is the possibility that reduced 
capacity, additional incurred expenses or reputational issues could threaten a storage project or the storage 
industry in general. Nevertheless, a century of oil and gas activity has shown that exploration and 
production rarely performs precisely as predicted and that given the unique physico-chemical 
characteristics and the relative novelty of CO2 storage, conformance is a key issue.    
A number of specific factors are responsible for conformance uncertainty.  All rock systems display 
some degree of heterogeneity and there are limits on how many wells ca
facies variability throughout a storage formation.  Further, CO2 buoyancy, flow (relative permeability, 
capillarity, wettability) and reactive (solubility, mineral dissolution / precipitation) properties, along with 
changing pressure conditions, cannot be fully represented by numerical models in the absence of 
comprehensive rock / fluid property databases and operational experience. Surveillance systems, such as 
surface seismic, typically designed to detect large-scale plume movement, may fail to detect specific 
migration anomalies (e.g., migration through a thief zone). Whereas simple or moderate plume excursions 
might be managed through modifying injection profiles or drilling additional injection wells, material 
events, particularly those detected late, may require more direct intervention using less mature technology 
(e.g., permeability modifiers, hydraulic barriers, interception wells).  Possible forward paths include:    
 Develop and model scenarios with defined conformance vulnerabilities (including existing petroleum 
conduit, accumulation and containment models).  This would include depiction of fluid / rock physico-
chemical interactions, resolution of current surveillance techniques and operational / intervention 
responses.   
 Based on the above, identify rock / fluid (and mutual interaction) property data needs, detection 
technology and intervention techniques that could be used to prevent or respond to conformance issues 
and a field experiment designed to test these concepts.  
2.3. Natural Barrier Breach 
Transmission of CO2 or displaced brine through breached seals via fractures or faults is a key 
containment concern. Many of the physico-chemical processes are similar to those associated with 
conformance and well leakage issues, although detection and especially intervention would present a 
considerably greater challenge.  The group systematically outlined the mechanisms, detectability, 
consequences, actions / intervention solutions for five scenarios: 1) partial or full penetration of seal, 2) 
fault leakage, 3) undetected seal thinning, 4) induced seal fracture and 5) geochemical alteration leading 
to or accelerating leakage.      
The five scenarios differ widely in terms of predictability, detectability and potential impact.  Pre-
injection predictability relies on conventional approaches such as facies and structural analysis and 
specific laboratory characterization. Leakage mechanisms range from the molecular scale (e.g., diffusion 
and chemical reactions) to pore scale (e.g., capillary entry pressure) to single / multi-formation (facies 
discontinuities and stress fields) scale.  Detection of a feature surveillance system may 
be feasible, albeit perhaps poorly localized and perhaps too late to limit significant damage.  The 
intervention solutions proposed range from conventional (e.g., fluid extraction or water alternating gas, 
WAG) to novel (e.g., injection of sealants, buoyant non-wetting gases, pressure barriers). These 
approaches would be very expensive depending on the size and severity of the breach and not necessarily 
permanent. Possible forward paths: 
 Develop case studies (based insofar as possible on actual geological data) of each of the five scenarios.  
Build models of seal breaches with estimates of detectability / characterization (distance vs. resolution) 
and simulate relevant approaches to installing physical and chemical barriers.  
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For selected case studies above, select most impactful scenario and develop basic detection and 
intervention engineering plan with costs and likelihood of success.  Consider a field trial.    
2.4. Workshop Recommended Forward Path
The workshop participants broadly agreed that CO2 contingencies studies are highly relevant and
timely to the advancement of CO2 storage.  Given that simple well leakage scenarios are routinely and
successfully mitigated, the focus should be on scenarios that are more difficult to mitigate and have a
higher potential HES impact.  The workshop identified the need to develop a comprehensive approach to 
detect leakage or conformance issues, characterize leaks, evaluate intervention options, execute the
intervention measures, assess containment effectiveness and finally complete the intervention. The
workflow for this process is illustrated in Fig. 1.
The proposed path forward is as follows:
Phase 1 Post workshop feedback synthesis with proposals for subsequent project phases. Commission
a white paper that updates previous published work in CO2 contingencies studies as well as identifying 
relevant industry analog case studies (e.g., oil & gas extraction, CO2 EOR, natural gas storage) and
technology developments (i.e., well intervention techniques, sensors, sealing agents). 
Phase 2 - ion plan and risk-based
MMV plans for CO2 flow simulations that encounter conformance and natural barrier breaching
situations.  The ability of established and novel intervention approaches will be tested, via simulation,
against various out-of-zone CO2 migration scenarios.  Based on the results of this phase, a technology
roadmap will be developed and vetted by relevant experts.
Phase 3 - Develop field test opportunities based on simulation results compete with site selection, costs
and engineering plans.
Phase 4 - Conduct a field test of contingencies intervention technology
funding and developing collaborative relationships with subsurface experts.  Phase 2 is in progress and
Phase 3 is in the conceptual / design stage (both are outlined below).
Fig.1. Schematic of the workflow needed to address unforeseen leakage or conformance issues.
3. Modeling, Simulation and Technology Roadmap (Phase 2)
The core activity of Phase 2 entails simulation of realistic storage
scenarios (e.g. up to 5 Mt per annum injection into a large saline aquifer) with introduction of features
7808   Scott W. Imbus et al. /  Energy Procedia  37 ( 2013 )  7802 – 7814 
that could lead to leakage and unexpected plume migration. Simulations using TOUGH2 and ECLIPSE 
will be performed to include realistic geology, injection volumes and features that could lead to leakage 
and brine migration. In addition, reactive geochemical transport, geomechanical codes, as well as forward 
and inverse models for predicting seismic wave propagation will be utilized. 
These models will then be used for five purposes: 
 Evaluating monitoring systems for detecting off-normal project behavior, including quantifying the 
smallest amount of unexpected CO2 migration that can be detected and how long it would take to detect 
that leakage is occurring; 
 Identifying the most effective and efficient way to locate and characterize the extent of leakage, 
diagnose the source of the problem and design an intervention approach; 
 Identifying and assessing options for stopping or containing leakage through physical controls (e.g. 
permeability barriers, hydraulic controls to reverse or intercept leakage, fracture closure through 
pressure reduction, plume steering through water management) and chemical / biochemical methods 
that exploit reactions between CO2 and chemical additives;  
 Assessing the time and costs required to detect, characterize, contain and remediate; and  
 Developing a technology roadmap to address gaps in knowledge and technology identified in Phase 1 
with a preliminary guide to responding to unanticipated migration leakage events. 
At least two expert workshops will be held at key junctures of the modelling project to assess the realism 
of the modelling and to propose intervention approaches, including pressure control and the introduction 
of biogeochemical agents.  
The first of the models that will be used as a test case is based on the Powder River Basin [25]. 
Potential saline aquifers that could be used as a storage complex include a thick section (>800 m) of 
Palaeozoic interbedded sands, carbonates, anhydrite and shale [26]. The permeability is, in general, quite 
low (average of about 20 mD) and intra-formation shales extend over large areas, so within individual 
layers flow is primarily horizontal. We use a 16 x 16 km model, with the top of the storage complex at a 
depth of 3000 m below ground surface, which extends to a depth of 3800 m. Because the permeability is 
low, it is necessary to inject CO2 into a thick portion of the storage reservoir in order to keep injection 
pressures acceptably low [25]. A baseline scenario with 3 Mt/year of CO2 injection with and without 
leakage is simulated using the CO2Store option in PETREL. 
Features that will generate leakage have been introduced into the model, including fractures and 
faults that breach an intra-formation seal in the model. An artificial shale layer was included in the 
horizontal plane just above the well perforations, by modifying the transmissibility values in the vertical 
direction.  Capillary pressure data was modified to distinguish the shale layer from the sandstone. The 
base case scenario was simulated without any faults. For the leakage case, two faults were introduced 
such that they breached the shale seal on either side of the well. These faults ran vertically in the same 
plane as that of the well. The faults are modelled using transmissibility multipliers in the X and the Z 
direction. Whereas this is not an accurate modelling of the faults it is extremely useful for the preliminary 
understanding of the leak behaviour. These models were used to generate CO2 saturation maps and 
seismic models.  
Figs. 2 and 3 show the saturation, and the pressure maps, respectively, at two different snap-shots in 
time. The simulation indicates the occurrence of a significant pressure variation ahead of the saturation 
changes, as expected. The transmissibility multipliers emulating the faults are representative of the leaks 
in the shale seal. Whereas the pressure maps show variation, the average pressure in the reservoir is 
similar in both the cases. 
 
 
 Scott W. Imbus et al. /  Energy Procedia  37 ( 2013 )  7802 – 7814 7809
 
Fig. 2. The saturation maps on the left are for the base case which has no faults. The maps on the right show the influence of the 
leaks due to existing faults. The scenario is for CO2 injection at 3 Mt/year for a period of 5 years showing expected plume migration 
for a project with and without leakage. The image is a 2-D cross section taken from the 16 km x 16 km model. 
 
Fig.3. Pressure maps corresponding to the saturation maps of Fig. 2. The maps on the left are for the base case which has no faults. 
The maps on the right show the influence of the leaks due to existing faults.  
 
In a second experiment to visualize intervention for the leakage scenario described above, we 
conducted a numerical experiment with the introduction of a water injection well to manage the pressure 
around the faults. The water injection well is introduced at a distance of 900 ft, from the fault on the left 
of the CO2 injection well. Water injection starts 1 year after CO2 injection, and continues throughout the 
duration of CO2 injection. The ratio of CO2 to water injection rate is 50:1. Figs. 4 and 5 show the 
saturation, and the pressure maps, respectively, at 5 years and 40 years after start of water injection. The 
water injection rate is kept low in order to demonstrate that it can effectively control the leak when the 
intervention well is close enough to the fault, and the rate of injection is high. In this case, we see that 
after 5 years, the CO2 in the top reservoir above the left fault is not detected, whereas it fails to influence 
the CO2 leakage in the right fault, which is further away from the water injector.   
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Fig. 4. CO2 Saturation Maps on the left are for the base case of no water injection for pressure management. On the right, water is 
injected reaching the rate of up to 300 STB/day. Water is injected in 3 layers above the seal, at a distance of 900 ft from the left 
fault. We see the effect of reduction in CO2 plume at the left fault. 
 
Fig. 5. Pressure Maps corresponding to the Saturation maps in Fig. 4. Water injection rate is kept low to demonstrate that changes in 
pressure near left fault do not reach far enough to affect the right fault. We are able to contain CO2 leakage only at the left fault. 
 
After the preliminary simulations are completed, the geophysical models will be used to assess the 
time and size of the leak before it can be detected. Higher resolution models will also be used to 
determine the best way to characterize the geometry, size and CO2 saturation of the leakage pathway. 
Geomechanical models will also be used to assess the potential for fault reactivation and / or hydraulic 
fracturing of the seal. The dynamic models will then be used to test a variety of intervention measures, 
including stopping injection, hydrodynamic control of the leaks, interception wells, chemical plugging 
agents and other options as identified by the project team. These simulations will be used to estimate the 
cost of intervention measures. 
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4.  Possible Field Trials (Phases 3 and 4) 
The Phase 2 modeling and simulation study may reveal specific migration and intervention scenarios 
that could be tested in the field. There are, however, limits on what can practically be tested owing to 
potential production disruption in active fields and in some cases, HES concerns that would preclude 
permitting.  Putting aside these limitations for now and focusing on migration scenarios that are not 
routinely performed (i.e., other than simple well remediation), a number of possible field trials are 
envisioned to test detection and intervention approaches. Specific site identification with subsequent 
advanced characterization, simulation and in some cases bench-scale experiments (e.g., sealants) would 
comprise Phase 3 whereas field testing with ensuing analyses and interpretations would comprise Phase 4. 
4.1. Well Barrier Loss 
Leakage localization and intervention from inaccessible wells penetrating a CO2 
storage horizon would be technically challenging.  Industry technology currently available for 
remediating such wells entails milling through existing cement and re-plugging. This could be costly, 
particularly where numerous wells are present. Potential novel approaches might include narrow gauge 
wells drilled through (the cement plug) or parallel to the P&A well with instrumentation to detect barrier 
defects and leakage. Remediation would be accomplished by injecting low viscosity sealants or 
circulation of novel agents that mineralize or otherwise form a barrier in the presence of CO2.  It would be 
relatively easy to access an abandoned well to conduct a field trial although safety would be a concern if 
the well penetrates a CO2-charged reservoir. Another approach, particularly if multiple wells are involved  
might entail injecting a suitable conventional or novel agent below the base of the top seal, allowing 
influx into well conduits.   
4.2. Conformance 
Thief zone or fill and spill site localization, characterization and intervention could be field-tested in 
an existing CO2 EOR field although development of fluid interception, pressure management and sealing 
agents is in the early stages.  The US DOE currently sponsors development of mobility control agents, 
such as high viscosity gels and foams, to improve sweep efficiency in CO2 EOR reservoirs by diverting 
CO2 away from more permeable portions of reservoir rocks [22]. Mineralization agents might require 
elaborate plumbing to circulate an agent (some with substrate injection and byproduct removal) over an 
extended time period.  A field test for a fill and spill scenario using similar agents might be conducted on 
a small anticlinal feature scale within a CO2 EOR reservoir or in a CO2 storage demonstration project.    
4.3. Natural Barrier Breach 
As with conformance issues, significant top seal and fault seal breeches would require localization and 
characterization prior to developing an intervention strategy.  For a top seal breach, water could be 
injected into a permeable formation above the top seal to form a hydraulic barrier as well as trapping 
accumulated CO2 [27].  A mineralization or other permeability modifying agent could also be injected 
beneath the top seal.  Conceptually, sealing would be a superior solution to a hydraulic barrier as the latter 
may have to be in place indefinitely and require brine handling facilities.  
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An intermediate scale between bench-scale and operating field-scale testing of conduit (fracture and 
fault) sealing might be conducted at an underground laboratory such as the Mont Terri Underground 
Laboratory (MT UGL) in Switzerland. One approach would be to fracture the shale via one or more 
packer-isolated intervals in th  well and 
introduce sealing agents through the former well. Surveillance (including baselines) would be 
accomplished via near-field seismic imaging and circulating fluid pressure and composition. Post-
experiment, the entire rock volume could be over-cored and evaluated for sealant performance (e.g., 
interaction with the rock-fluid system and sealant effectiveness with aperture size).     
      A field test of CO2 (or other gas) migration through a fault plane would introduce risk of seismicity 
and would be difficult to permit in most jurisdictions.  Such an experiment was proposed for the Rocky 
Mountain Oil Testing facility at Teapot Dome in Wyoming [28] but never took place.  The MT UGL 
fracture sealing experimental scheme, however, is relevant to sealant intervention of fluid movement 
associated with various types of fault systems.  These might range from localized conduits / barriers 
(bedding plane fracture analogs) to complex distributed conduits / barriers often referred to as damage 
zones (complex vertical fractures).  Actual migration through a fault system would obviously be difficult 
to characterize and intervene in due to the complexity of fault geometries over a potentially long vertical 
distance with intervening permeable sedimentary units.  Injection of a permeability modifying or sealing 
agent in the vicinity fluid entry into the fault would have some chance of success. 
 
5. Summary and Conclusions 
 
The advancement of CO2 storage as a GHG mitigation technology will require a high confidence level 
among project proponents and public stakeholders in its safety and effectiveness.  This begins with 
careful site assessment and risk-appropriate surveillance. Given that the subsurface cannot be known 
perfectly and CO2 storage is still a relatively new technology, contingency planning is essential to detect, 
localize and intervene in unexpected fluid migration induced by CO2 injection. The CCP3 has developed 
a four phase program to approach the contingencies issue with a focus on potential events remote from 
existing well control.  The first phase entailed convening a specialist workshop (May 2011) to identify 
potential unexpected fluid migration settings and mechanisms and gauging to current technology status to 
manage them.  The second phase (ongoing) entails building realistic geological models to conduct 
simulation of CO2 and brine migration through conduits, predicting whether or not (and when) such 
ng systems and simulating intervention techniques.  The 
third phase (ongoing) will identify and assess suitable locations to test detection and intervention 
technologies ahead of a prospective fourth phase field test. 
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